With the aid of a non-destructive replica method and computational protocol, surface geometry and expansion at the reproductive shoot apex are analysed for pin-formed 1 (pin1) Arabidopsis thaliana and compared with the wild type. The observed complexity of geometry and expansion at the pin1 apex indicates that both components of shoot apex growth, i.e. the meristem self-perpetuation and initiation of lateral organs, are realized by the pin1 apex. The realization of the latter component, however, is only occasionally completed. The pin1 apex is generally domeshaped, but its curvature is not uniform, especially later during apex ontogeny, when bulges and saddleshaped regions appear on its periphery. The only saddle-shaped regions at the wild-type shoot apex are creases separating¯ower primordia from the meristem. Surface expansion at the pin1 apex is faster than at the wild type. In both pin1 and wild type the apex surface is differentiated into regions of various areal strain rates. In the pin1 apex, but not in the wild type, these regions correspond to the geometrically distinguished central and peripheral zones. Expansion of the central zone of the pin1 apex is nearly isotropic and slower than in the peripheral zone. The peripheral zone is differentiated into ringshaped portions of different expansion anisotropy. The distal portion of this zone expands anisotropically, similar to regions of the wild-type apex periphery, which contact older¯ower primordia. The proximal portion expands nearly isotropically, like sites of¯ower initiation in the wild type. The peripheral zone in pin1 is surrounded by a`basal zone', a sui generis zone, where areal strain rates are low and expansion is anisotropic. The possible relationships between the observed regions of different expansion and the various gene expression patterns in the pin1 apex known from the literature are discussed.
Introduction
All shoot parts and their tissues originate from the shoot apical meristem (SAM), which is a population of meristematic cells not yet differentiated into primordia of a stem and lateral organs. The shoot apex comprises the SAM and the youngest primordia of lateral organs. Growth of the shoot apex is complex and unsteady in time and space (Erickson, 1976; Traas and Doonan, 2001 ). This complexity results from the fact, that two fundamental growth components are superimposed at the apex: the selfperpetuation of the SAM, and the formation of lateral organ primordia at the SAM¯anks. In the self-perpetuation process the overall shape and volume of the SAM are maintained, despite the continuous formation of lateral organ primordia. If only the self-perpetuation were realized at the SAM, it would become the apical meristem of the stem, similar to the root apical meristem, which realizes only the self-perpetuation growth component.
The formation of lateral organ primordia at the SAM anks is dependent on polar auxin transport (PAT; Reinhardt et al., 2000; Benjamins et al., 2001) , as has been shown for a number of plant species like Arabidopsis thaliana (L.) Heynh (Okada et al., 1991) , tobacco Nicotiana tabacum L. (Naderi et al., 1997) or maize Zea mays L. (Tsiantis et al., 1999) . In particular, PAT is necessary for¯ower formation on the¯anks of the reproductive SAM in Arabidopsis (Okada et al., 1991) . PIN-FORMED 1 (PIN1) is a transmembrane protein involved in PAT, i.e. a putative ef¯ux auxin carrier (Ga Èlweiler et al., 1998; Muday and Murphy, 2002) . PIN1 is expressed at sites of¯ower initiation and later in¯ower primordia during their development (Ga Èlweiler et al., 1998; Vernoux et al., 2000) . The process of lateral organ formation is strongly affected in pin1 plants (Okada et al., 1991; Bennett et al., 1995) . In the vegetative phase of pin1 plant development, leaves are often fused, cup-shaped, or oversized. In the reproductive phase, the formation of lateral organs at the apex is strongly inhibited. Only occasionally is a single¯ower of abnormal architecture formed by the apex in a lateral or a terminal position (Okada et al., 1991; Vernoux et al., 2000) . From experiments on pin1 plants and on tomato (Lycopersicon esculentum Miller) plants, mimicking the pin1 phenotype due to treatment with PAT inhibitors, Reinhardt et al. (2000) concluded that the vegetative pin1 phenotype results from an abnormally high amount or mislocalization of auxin in the vegetative SAM. The reproductive phenotype is, in turn, supposed to result from the lack of auxin in the reproductive SAM due to the defect in PAT (Reinhardt et al., 2000) . This defect speci®cally affects the initiation of lateral organs, but not the self-perpetuation of the meristem (Reinhardt et al., 2000) . It means that from the two fundamental growth components, only one, i.e. the meristem self-perpetuation, should be realized at the reproductive apex of pin1. The structure of the distal portion of the pin1 apex is normal (Vernoux et al., 2000) . In addition, the stem itself is growing and attains a length comparable to that of the wild-type in¯orescence shoot. As a consequence, in place of an in¯orescence shoot, a long pin-like stem is formed in the mutant. The apex of such a pin-like stem should provide a perfect system to study the self-perpetuation of the meristem, and also the effect of the defective PAT on shoot apex growth and morphogenesis. However, although PIN1 is one of the best characterized Arabidopsis genes and the external morphology of pin1 plants have been described in detail (Okada et al., 1991; Bennett et al., 1995) , little is known about the growth of the pin1 apex of a pin-like stem, except for values of Mitotic Index at various apex portions (Vernoux et al., 2000) . The present investigation aims to ®ll this gap.
Growth at the reproductive SAM of the wild-type Arabidopsis has been quanti®ed in terms of Mitotic Index (MI), which has been evaluated from optical sections of the SAM obtained with the aid of confocal laser scanning microscopy (Laufs et al., 1998; Vernoux et al., 2000) . MI is a percentage of dividing cells among the population of cells in the given portion of a meristem. If the mean volume of cells is constant, the MI re¯ects the rate of growth in volume in the population of cells under consideration (Lyndon, 1998) , although it does not provide any information on growth variables such as its anisotropy. Laufs et al. (1998) differentiated the surface (L1) cells of the reproductive SAM of Arabidopsis into a central`area' and a periphery characterized by different MI. They showed that the difference between these two zones depends on the ecotype, and that the delineation of the two regions of different MI is subject to imprecision. The evaluation of MI with the aid of confocal laser scanning microscopy has also been performed for Arabidopsis mutants, including clavata3 (clv3), mgoun2 (Laufs et al., 1998) , and pin1 (Vernoux et al., 2000) .
Plant growth can be interpreted as an irreversible deformation (Silk and Erickson, 1979; Gandar, 1983) . The main component of this deformation is the plastic strain of cell walls (Green, 1962) . Growth or strain is, in general, anisotropic, i.e. relative growth rates in length (strain rates) differ in different directions at a point. Therefore, for the SAM surface, not only the relative growth rates in area (areal strain rates), but also strain rates in various directions have to be quanti®ed (Hejnowicz and Romberger, 1984; Dumais and Kwiatkowska, 2002) . In the case of the anisotropic growth of a surface there are two socalled principal directions (Hejnowicz and Romberger, 1984) , in which strain rates attain their extremal values (principal values). These are the mutually orthogonal directions of either maximal or minimal strain rate.
Since growth of the SAM is unsteady, the quantitative analysis of growth requires successive observations of an individual SAM. This can be done with the aid of the sequential replica method developed by Green et al. (Williams and Green, 1988; Williams, 1991) . It is, in principle, a non-invasive method, allowing the surface of an individual meristem to be observed at successive instants. It has been successfully applied to the vegetative SAM and to the¯ower primordium of Anagallis arvensis L. (Herna Ândez et al., 1991; Green et al., 1991; Kwiatkowska and Dumais, 2003) . In the present investigation, the sequential replica method is combined with the computational protocol, which enables quanti®cation of the growth variables mentioned above (Dumais and Kwiatkowska, 2002) . These data are also used to quantify the SAM shape (geometry) in terms of curvature, and to compute the areas of the outer periclinal walls of the surface cells.
The objective of the present investigation was to analyse the geometry and surface growth at the pin1 apex of a pinlike stem and compare it with the wild-type reproductive apex.
Materials and methods
Plant material and growth conditions Seeds were obtained through the Nottingham Arabidopsis Stock Centre. Four in¯orescence shoots of Arabidopsis thaliana Columbia ecotype and ®ve pin-like stems of the pin-formed 1-1 transparent testa glabra (on the Enkheim background) were studied. The plants were grown in pots, in temperature ranging from 21°C (night minimum) to 28°C (day maximum), with an illumination of 9 W m ±2 , and different light regimes. All of the Columbia plants were kept in long days (16/8 h day/night). Observations started 4 weeks (Columbia apices II and III) or 8 weeks (apices I and IV) after germination when in¯orescence axes were of various lengths: a shoot with apex I was 7 mm; apex II was 3 mm; apex III was 13 mm; and apex IV was 20 mm. In in¯orescences with apices I±III the oldest¯ower bud was still closed, while in the in¯orescence with apex IV the oldest¯ower bud was opened (stage 13 or later according to Smyth et al., 1990) . Three pin1 plants (pin1 apices I, IV, V) were grown in short days (10/14 h day/night) for 4 weeks and then moved to long days (16/8 h day/night). Their observation started 6 (apex I) or 8 (apices IV, V) weeks after germination. The remaining two pin1 plants (apices II and III) were kept in long days (16/8 h day/night) from the beginning, and observed 4 weeks after germination. Pin-like stems of various lengths were studied. The stems with apices I, II, and III were 3 mm long; with apex IV, 50 mm; and V, 40 mm.
Data collection
Material was collected in essentially the same way as described by Dumais and Kwiatkowska (2002) . Brie¯y, replicas (dental polymer moulds) were taken from the surface of each individual shoot apex (Williams and Green, 1988; Williams, 1991) . In the case of Columbia plants, taking replicas from a reproductive apex required only a temporary (up to 10 min) bending outwards of young¯ower buds overtopping the apex. Sometimes only the oldest bud had to be removed. After taking the replica,¯ower buds were pushed back to their original position and a drop of water was placed on the surface of the apex to prevent desiccation. Apices of pin-like stems of pin1 plants were much easier to take a replica from since their surface was exposed. They seemed, however, much more sensitive to desiccation after taking the replica. Therefore, apart from placing the drop of water on the apex surface, the whole plant was covered with a small glass vessel to increase the air humidity. As shown in previous studies this experimental procedure did not affect apex growth and morphogenesis Kwiatkowska and Dumais, 2003) .
From each of the Columbia apices replicas were taken at about 24 h intervals for 2±4 d. Sometimes, if one of the replicas in a sequence was not good enough for the analysis, the 48 h interval was used. The pin1 apices were observed for 2±3 d. Initially, the replicas were taken at 24 h intervals. Later, since pin1 apex growth was faster than in Columbia, the interval was shortened to 10±18 h. With this material, meristem morphogenesis could be followed over 9 d in the Columbia apices, and over 10 d in pin1 apices.
Each replica was ®lled with low setting epoxy resin in order to prepare casts. The casts were sputter coated and observed in scanning electron microscopy (LEO435VP). This way, sequences of images showing a surface of individual shoot apices at consecutive instants were obtained. To reconstruct the 3-D shape of the surface two images were taken for every cast, one from a top view and the other tilted by 10°in the microscope chamber (Dumais and Kwiatkowska, 2002) . Vertices (a vertex is a contact of three anticlinal walls of neighbouring cells) were used as marker points. Their positions on the apex surface were digitized and used for further analysis.
Computational protocol for data analysis
The data were analysed with the aid of computer programs written in Matlab (The Mathworks, Natick, MA, USA) (Dumais and Kwiatkowska, 2002) . A graphical user interface and the programs can be downloaded at: http://culex.biol.uni.wroc.pl/instbot/dorotak. Digitized 2-D positions of cell vertices were used to reconstruct the 3-D shape of the apex surface. In the stereoscopic (3-D) reconstruction protocol the elevation at a vertex is calculated from the virtual displacement of the vertex with respect to other vertices, which takes place due to tilting. The 3-D vertex coordinates, in turn, allow areas of surface cell walls and the shape of the apex surface to be quanti®ed by means of curvature directions and Gaussian curvature (Struik, 1988) . Through every point on a surface an in®nite number of planes, which include a surface normal at this point, can be drawn. Intersections of the surface by these planes give curves, with curvatures which are called normal curvatures. A curvature direction is the direction of intersection in which a normal curvature attains either a minimum or a maximum. Gaussian curvature shows how much a given surface is different from a plane. It equals zero for the surfaces, which can be¯attened without making any tears or folds. This can be done if in at least one of curvature directions the curvature is zero, as in the case of a cylinder. If Gaussian curvature is negative the surface is saddle-shaped, i.e. concave along one curvature direction and convex along the other. Gaussian curvature is positive for surfaces like a hemisphere, which are either concave or convex in all the directions.
Values of Gaussian curvature are plotted on the cell wall pattern as a colour map. The value assigned for each cell is the value of Gaussian curvature at the cell centroid. The Gaussian curvature is calculated for a quadratic surface approximated to vertices of this particular cell and its direct neighbours (Dumais and Kwiatkowska, 2002) . Thus a colour assigned to the cell applies, in fact, to a region larger than one cell. Dark blue colour was used to point to these portions of the apex surface, which are distinctly saddle-shaped, i.e. where the Gaussian curvature is negative, and curvature in the minimum curvature direction (in which a surface is concave) is lower than ±0.005 mm ±1 (one-third of standard deviation for this curvature).
Based on the comparison of successive replicas the same vertices can be recognized at the individual apex surface at consecutive instants. Growth variables are computed from the deformation of triangles de®ned by three neighbouring vertices at the consecutive instants (Goodall and Green, 1986; Dumais and Kwiatkowska, 2002) . The computed growth variables are principal strain rates, characterized by principal strain rate directions and principal strain rate values. Strain rates are the relative growth rates in length (Erickson, 1976; Hejnowicz and Romberger, 1984; Silk, 1984 ). An equation for natural, or Henchy, strains applicable for both small and large deformations (Niklas, 1992) , is used to compute strains, the values of which are then recalculated per unit time. Principal strain rate values are the maximal or minimal rates, which are attained in the principal strain rate directions. Areal strain rate (the relative growth rate in area) is computed as the sum of principal strain rate values.
Growth variables are computed for each cell and plotted on the cell wall pattern as it appeared at the beginning of the time interval analysed. If growth is relatively fast the cell wall pattern at the end of the interval analysed is considerably different from that at the beginning. It is then useful to plot the growth variables on the cell wall pattern as it appeared at the end of the interval, in order to account for the displacement of cells taking place due to growth.
The comparison of the cell wall pattern on the apex surface at successive instants also enables the recognition of cells which divided during the analysed time interval. The numbers of cells originating from a single cell visible at the beginning of the interval are plotted on the cell wall pattern as it appeared at the interval beginning.
Statistics
Analysis of variance (ANOVA) was performed for values of areal strain rates and cell wall areas computed for cells in various meristem zones, and followed by a multiple comparison of means using a Tukey's HSD test for unequal sample sizes. Statistica (Statsoft Inc.) software was used for this analysis.
Results
All the observed apices were in the advanced reproductive phase of development. In this phase Columbia apices initiated¯ower primordia without subtending bracts. The apices of pin1 plants produced pin-like stems. No¯ower primordia were observed on these apices for which growth was quanti®ed, although single¯owers were produced on a few other pin-like stems, which were several centimetres long.
The mean area of the outer periclinal walls of surface cells is signi®cantly smaller in Columbia than in pin1 apices (Table 1) .
Apex geometry
The reproductive SAM of Columbia apex (Fig. 1A) and the pin1 apex of pin-like stems (Fig. 1B, C) are dome-shaped. However, the quanti®cation of local Gaussian curvature shows differences between Columbia and pin1 apices and allows regions of various geometry to be distinguished.
Columbia reproductive shoot apex:
In all the Columbia apices examined the SAM shows positive Gaussian curvature over all its surface (Figs 2C, D, 3D, F). Flower primordia appear ®rst as lateral outgrowths on the SAM anks (stage 1 of¯ower development de®ned by Smyth et al., 1990) , where the Gaussian curvature is slightly elevated (F2 in Fig. 2C ; F3 in Fig. 3D ). They are not easily discernible from the SAM (F2 in Fig. 2A , C; F3 in Fig. 3A,  D) . The only regions of the apex surface where Gaussian curvature is negative are located outside the SAM. These are creases separating¯ower primordia from the SAM (F5 in Fig. 2C ; F2 in Fig. 2D ). These creases are apparent in the curvature plots earlier than in electron micrographs (compare F2 in Fig. 2B and D) . Starting from this stage of¯ower development, i.e. about 24 h after the initiation (stage 2 of Smyth et al., 1990) , the delineation of a¯ower primordium is possible.
The pin1 apex of pin-like stems: Although the overall shape of all the pin1 apices studied is a dome (Fig. 1B, C) , the Gaussian curvature is not positive throughout the apex surface. In the case of short pin-like stems (apices I±III), the Gaussian curvature of the apex is mostly positive and rather uniform, similar to or lower than that of the reproductive SAM of Columbia (compare Fig. 4D±F with Fig. 2C, D) . However, small regions, located outside the apex summit, exhibit negative Gaussian curvature (Fig. 4D±F ). This non-uniformity of curvature is not yet big enough to be apparent in SEM micrographs (Fig. 4A±  C) . In the case of apices of longer pin-like stems (apices IV, V), the complexity of geometry is apparent in SEM micrographs (Fig. 6A, B) . The apex summit has positive Gaussian curvature (Fig. 6C, D) . At the apex¯anks small bulges, i.e. regions of locally increased positive Gaussian curvature, are apparent (e.g. those outlined in Fig. 6D ), none of them, however, developed into a¯ower primordium. The curvature of these bulges is similar to that of the summit. Between adjacent bulges and between bulges and the summit, there are groups of cells with negative Gaussian curvature (Fig. 6C, D ).
Growth and cell divisions at the apex surface
The values of principal strain rates calculated for the apex surface are either positive (black arm of a strain rate cross meaning extension in this principal direction) or negative (red arm ± contraction). Nevertheless, the areal strain rates, calculated as the sum of principal strain rate values, are most often positive. Only in a few cases, when the absolute value of the negative strain rate is bigger than the value of positive strain rate, is the areal strain rate negative, i.e. the area of an outer periclinal wall of the given cell is decreasing.
The reproductive shoot apex of Columbia: In all the Columbia apices the SAM surface is differentiated into regions of different areal strain rates, although the delineation of these regions is not sharp (Figs 2E, 3G , H). Based on geometry, the SAM surface is usually divided into the central zone located at the SAM summit and the peripheral zone, which surrounds the central zone. The localization of these geometrically de®ned zones is stable. In the Columbia reproductive SAMs, the slowly growing region is not always located at the SAM summit (Figs 2E, 3H) and its location changes with respect to cells (compare Fig. 3G with H) . Thus the slowly growing region does not necessarily overlap with the central zone. Adjacent to this region, wedge-shaped regions differing in areal strain rates can be distinguished. Generally, higher areal strain rates are characteristic of wedges in contact with the¯ower primordia and separated from the SAM by a crease (e.g. adjacent to F5 in Fig. 2E and to F5 in Fig. 3H ). Regions contacting younger¯ower primordia, which are not yet separated from the SAM by a crease, grow with lower areal strain rates (e.g. adjacent to F3 in Fig. 3G ). Areal strain rates at apices of shorter shoots ( Fig. 2 ; apices I and II) are generally lower than at apices of longer shoots ( Fig. 3 ; apices III and IV).
The anisotropy of strain rates is also not uniform. Cells of a geometrically de®ned central zone (located at the SAM summit) grow nearly isotropically (Fig. 3G) . By contrast, growth of cells at the SAM periphery is often anisotropic. The highest strain rate anisotropy is characteristic for regions (wedges) contacting¯ower primordia creases (e.g. adjacent to F5 in Fig. 2E or to F5 in Fig. 3H ). The maximal strain rate in these wedges is mostly in the meridional direction.
Sites where¯ower primordia are formed, are characterized by high areal strain rates and nearly isotropic growth (F0 in Fig. 2E ; F0 in Fig. 3H ). Later during¯ower primordium formation, a crease separating the¯ower primordium from the SAM is formed. In these places areal strain rates are nearly zero or negative. Values of principal strain rates are often negative in the minimal strain rate direction and positive in the maximal strain rate direction, as in the case of creases along F4 in Fig. 2E and F4 in Fig. 3G . Since the present study is aimed at SAM growth characterization, the time intervals used here are longer , and a strain rate plot (E) for the developmental sequence of the Columbia apex I. The time at which the replica was made is given in the upper left corner of each micrograph. Flower primordia are numbered from the youngest primordium observed in the sequence to the oldest. Each primordium is labelled as soon as it becomes visible as a lateral outgrowth. F0 points to a presumed initiation site of ā ower primordium not visualized in this sequence. Cells included in the analysis are outlined in black on the micrographs. The colour map for the curvature plots represents the Gaussian curvature measured for a cell and its adjacent neighbours. The Gaussian curvature on the scale bar is given in 10 ±4 mm
±2
. Regions where Gaussian curvature is negative and curvature in the minimum curvature direction is lower than ±0.005 mm ±1 (one-third of standard deviation for this curvature) are dark blue. Areal strain rates and strain rate crosses are plotted for each cell on the plot of the cell outlines as they appeared at the beginning of the considered time interval. The colour map for the strain plots represents the areal strain rate measured in units of h ±1 . Cross arms are oriented along the principal strain rate directions. Their length is proportional to the corresponding principal strain rate value. The arms appear in red if the negative strain rate, i.e. contraction, took place in their direction. Regions that will give rise to a¯ower primordium during the following time interval are outlined in black. Additional lines are added along the¯ower primordium margin to delineate the crease separating the primordium from the SAM. The sequence covers 27 h. Flower primordia are initiated in a clockwise order. Bar=25 mm. than would be necessary to study¯ower formation in more detail. Therefore, although the process of crease formation is very appealing it will be discussed in another paper.
Less than half of the SAM surface cells divide within 24 h, i.e. the time interval between successive replica taking (Fig. 7A, B) . The geometrically de®ned central and peripheral zones differ in the proportion of dividing cells. In the central zone no cells divide within 24 h and in some of these cells the cell cycle must exceed 48 h (data not shown). In the peripheral zone, the divisions are more frequent and a larger proportion of cells divide within the analysed interval.
The pin1 apex of pin-like stems: Areal strain rates at pin1 apices are generally higher than at Columbia apices (Table 1 ; Fig. 9 ; note that areal strain rate plots in Figs  2±3 and 4±6 are in different scales). Therefore, cells of the pin1 apex surface are much more displaced during the time interval analysed than in the case of Columbia apex (like cells and cell clones outlined in Fig. 4A±C ). Thus a cell, which was near the apex summit at the beginning of the interval analysed, can move far away from the summit during this interval. As a consequence, its areal strain rate estimated for this interval will be an average of areal strain rates characteristic for the summit and surrounding Fig. 4 . Developmental sequence for the pin1 apex I. Scanning electron micrographs (A±C), curvature plots (D±F), and strain rate plots (G, H) are labelled as in Fig. 2 . Two exemplary cells and cell clones derived from these cells are outlined in red or yellow in micrographs (A±C) to facilitate the recognition of cells at subsequent instants. In (I) and (J) strain rates are plotted on the cell wall pattern as it appeared in the end of the time interval analysed. It enables the visualization of the displacement of cells taking place during the interval analysed. Based on the comparison between strain rate plots on cell wall patterns as they appeared at the beginning and end of the interval, the central (CZ), peripheral (PZ), and basal (BZ) zones are outlined in (B). Note that the colour scale for areal strain rate plots is different from that used for Columbia apices. The sequence covers 48 h. Bar=50 mm.
regions. It means that the borders between regions of different strain rates, assessed from strain rate plots over the cell wall pattern as it appeared at the interval beginning, are not accurate (shifted acropetally). Therefore, in order to approximate the borders more closely their average position, inferred from two plots is taken (Figs 4B, 6A ). One plot is over the cell wall pattern at the interval beginning ( Figs 4G, H, 6E) , while the other plot is over the pattern at the end of the time interval ( Figs 4I, J, 6F) .
In all the pin1 apices examined, areal strain rates at the apex summit are considerably lower than at the surrounding region, and the position of this slowly growing region with respect to cells is stable (compare Fig. 4G and H) . Thus the slowly growing region corresponds to the geometrically de®ned central zone, while the surrounding fast-growing region corresponds to the peripheral zone (oulined in Figs 4B and 6A ). The slowly growing region (central zone) in Fig. 4G, I is not located at the apex centre because the apex is not shown in precisely top view.
Areal strain rates of the peripheral zone are not uniform, especially in apices of longer pin-like stems (compare Figs 6E and 4G, H) . Regions where areal strain rates are increased are sites where bulges are formed (outlined in Fig. 6A±F ). Apical and basal borders of the peripheral zone are rather distinct. Most interestingly, the basal border does not overlay with the border of the apex. The remaining portion of the apex is covered by a slowly growing region (Figs 4G±J, 5G, 6E, F) . This is a sui generis zone, which will also be called the`basal zone' (Figs 4B, 6A ). In the basal zone areal strain rates are as low as in the central zone (Table 1; compare Fig. 5G with Fig. 4G ; or the outermost portion of the apex with its central zone in Fig. 6E) . Locally, the areal strain rate of the basal zone is increased (outlined region on the right side of Fig. 6E ). In such places bulges appear similarly as within the peripheral zone. Low areal strain rates similar to that of the basal zone are characteristic for a side of pin-like stems (the cylindrical portion of which is capped by a dome, i.e. an apex) just below the apex (Fig. 5G, H) . Apices of shorter pin-like stems (apices I±III) grew generally faster than those of longer stems (apices IV, V) (compare strain rate plots in Fig. 9A with C) .
Growth in the central zone is nearly isotropic (Fig. 4G ). Growth anisotropy of the peripheral zone is not uniform (Fig. 6E) . Based on this difference in anisotropy the peripheral zone can be differentiated into two ring-shaped portions. In the distal portion, i.e. that contacting the central zone, the anisotropy is higher and maximal strain rates are in the meridional direction. The anisotropy is, however, never as high as in some of the wedge-shaped regions of the Columbia SAM, where the value of the minimal strain rate is nearly zero (compare Figs 4G and 3H) . In the proximal portion of the peripheral zone (contacting the basal zone) growth is nearly isotropic.
Growth of the basal zone is in turn anisotropic (Figs 4G, H, 5G, 6E) . The direction of maximal strain rate is mostly latitudinal. In some of the basal zone cells, the slight contraction takes place in the meridional direction (Figs 5G, 6E) . Sometimes its absolute value is higher than the value of maximal strain rate (Fig. 6E) . Then the areal strain rate is also negative (shrinking).
The number of cells on the surface of the central and peripheral zones in the pin1 apex is much higher than the number of SAM surface cells in the reproductive Columbia apex (compare Fig. 9A, C and D, E) . Moreover, cell sizes are larger in pin1 than in Columbia apices. Thus the area covered by the central and peripheral zones in pin1 is much larger than the area of the Columbia SAM.
In pin1 apices of shorter pin-like stems (apices I±III), virtually all cells are dividing within the observation interval (Fig. 8A) , so their cell cycle must be equal to or shorter than 24 h. Some cells give rise to clones of up to six cells during only 24 h (Fig. 8A) , which means that their cycle is about 8 h. Fewer divisions take place in apices of longer pin-like stems, such as during 18 h in the apex IV (Fig. 8C) , where the majority of cells divided no more than once. In these apices, however, most of the cells divide. In all the apices examined, cells of the peripheral zone divide more frequently than the central zone cells. Although this difference in pin1 apices may seem to be smaller than the difference between geometrically de®ned central and peripheral zones of Columbia apices, it should be kept in mind that in the pin1 apices, cells were signi®cantly displaced during the analysed intervals. In the basal zone of the pin1 apex the divisions are less frequent than in other zones (compare Fig. 8B with A and C) . Lower down along the axis, only a few cells divide (Fig. 8B) .
Similar to areal strain rates, the proportions of dividing cells are higher in pin1 than in Columbia apices (compare Figs 7 and 8).
Discussion
What is the apex of a pin-like stem from the perspective of its growth and geometry? All the cells of a pin1 apex are meristematic. The apex inferior is differentiated into characteristic central, peripheral, and rib meristem zones (Vernoux et al., 2000) . In (E) strain rates are plotted on the cell wall pattern as it appeared at the beginning of the interval analysed; in (F) it was at the end of the interval. Three groups of cells from which bulges are formed on the apex¯anks, and their progeny, are outlined in red, green, or yellow in micrographs, and in black on the curvature and strain rate plots. The sequence covers 18 h. Bar=50 mm.
Detailed quanti®cation of geometry (Gaussian curvature) and growth (strain rates, growth anisotropy) of the pin1 apex, based on sequential replicas, shows that they are, however, not as simple as would be expected.
The Gaussian curvature of the pin1 apex surface is not uniform. Early in the apex ontogeny, when a pin-like stem is only several millimetres long, the Gaussian curvature is positive in the majority of cells, but some small regions exhibit negative Gaussian curvature. Later on, the curvature becomes less uniform. At the apex periphery small bulges occur and new cells appear. The bulges are separated one from another and from the apex summit by groups of cells exhibiting negative Gaussian curvature. Expansion of the apex surface, which leads to the bulge formation, resembles the expansion leading to¯ower initiation at the wild-type reproductive apex. The bulges were also observed by Vernoux et al. (2000) . According to these authors they¯atten out during later growth. The bulges may, nevertheless, be regarded as uncompleted trials of¯ower primordia initiation by the apex, especially since spontaneous formation of¯owers by pin1 apices was observed here and reported by other authors for stems longer than several centimetres (Okada et al., 1991; Reinhardt et al., 2000) . The fact that Gaussian curvature of the pin1 apex changes during the apex ontogeny is of a special signi®cance, because the distribution of mechanical stresses in the surface depends on the curvature (Dumais and Steele, 2000) . Mechanical stresses in turn are postulated to play a causative role in the initiation of lateral organ primordia (Green et al., 1996) . It has been proved that the pin1 mutation affects PAT, but it does not necessarily mean that local elevation of auxin concentration is the only factor stimulating lateral organ initiation.
The quanti®cation of growth shows that the unexpected complexity of the pin1 apex also concerns its growth pattern. This complexity is not only in areal strain rates but also in strain rate anisotropy, and thus could not have been inferred from indirect growth assessment, as with the aid of MI. First of all the distribution of areal strain rates allows the pin1 apex surface to be differentiated into distinct central and peripheral zones. In this respect, the pin1 apex is similar to shoot apical meristems, such as, for example, the vegetative SAM of sun¯ower Helianthus annuus L. (Steeves et al., 1969) or Anagallis arvensis (Kwiatkowska and Dumais, 2003) . The growth pattern of the peripheral zone of the pin1 apex is, however, more complex than one would expect. This zone comprises two ring-shaped portions, in which growth anisotropy is different. Only the distal portion resembles the peripheral zone of the Anagallis vegetative apex. Since growth of this portion is anisotropic with the maximum in the meridional direction, it is also similar to the wedge-shaped regions of the periphery of the Arabidopsis wild-type reproductive SAM, which are in contact with older¯ower primordia. Growth at the proximal portion of the pin1 peripheral zone resembles growth at the sites of leaf initiation in Anagallis or¯ower initiation in Arabidopsis wild type. This proximal peripheral zone portion is the region where bulges are formed at the pin1 apex. Therefore, judging from the growth pattern, only the central zone plus the distal portion of the peripheral zone of the pin1 apex are equivalent to the SAM of the wild-type shoot. This is also supported by the investigation of Vernoux et al. (2000) , who studied gene expression patterns in the pin1 apex.
In the pin1 apex, expression patterns of genes playing a crucial role in the SAM maintenance are similar to those typical for the wild type (Vernoux et al., 2000) . WUSCHEL, regulating the stem cell fate (Mayer et al., 1998) , is expressed in a domain of virtually the same size in the pin1 and wild-type SAM. The expression pattern of the SHOOT MERISTEMLESS (STM), a SAM cell marker (Long et al., 1996) , is also similar in both types of meristems. In the wild-type apex STM is expressed all over the SAM except for the presumptive primordia initiation sites, while in the pin1 apex it is expressed in meristematic cells comprising the central area and the periphery according to the terminology of Vernoux et al. (2000) . The width of the STM expression domain, estimated as the number of cells counted along the SAM diameter, is the same in the pin1 and the wild-type apex (Vernoux et al., 2000) . However, in the present study the number of cells of the central and peripheral zones in the pin1 apex has been shown to be larger than that of the wild-type reproductive SAM (compare zones outlined in Figs 4B or 6A with the SAM in Figs 2A and 3A) . It may mean that the zone of fast growth in the pin1 apex, referred to as the peripheral zone in the present paper, extends further away from the apex centre than the STM expression domain. This suggestion is con®rmed by the expression pattern of¯oral identity genes.
Floral identity genes LEAFY (LFY) (Weigel et al., 1992) and AINTEGUMENTA (Elliott et al., 1996) are expressed in pin1 in a ring surrounding the STM domain (Vernoux et al., 2000) . This is unlike the wild-type apex, where these genes are expressed at discrete sites of¯ower formation. Enlarged with respect to the wild-type SAM is also a domain of CUP-SHAPED COTYLEDON 2 expression, which, in the wild type, de®nes lateral organ boundaries (Aida et al., 1999) . In the pin1 apex this domain is encircling the STM domain, putatively largely overlapping with the LFY domain, unlike in the wild-type apices. From the comparison of cell numbers in zones distinguished in the pin1 apex on the basis of its growth pattern, with gene expression patterns presented by Vernoux et al. (2000) , it seems quite likely that the proximal portion of the peripheral zone distinguished here, where growth is fast and nearly isotropic, overlaps with domains of organ identity and separation genes. The central zone and the fast and anisotropically growing distal portion of the peripheral zone would, in turn, overlay the domain of STM expression.
Another peculiarity of pin1 apex growth is that, on the surface of the pin1 apex, a sui generis basal zone can be distinguished. This zone of relatively slow-growing, but nevertheless meristematic, cells is surrounding the peripheral zone and has no equivalent in the wild-type shoot apex. Growth in the basal zone is strongly anisotropic, with the maximum in a latitudinal direction. Such a growth pattern may be a geometric necessity. Since the fastgrowing peripheral zone does not extend to the apex¯anks, growth in the surrounding basal zone cannot be halted in all directions, but has to accommodate the increase in circumference, as cells are pushed away from the apex summit. Interestingly, both the central and peripheral zones of the pin1 apex grow signi®cantly faster than the SAM of the wild-type apex, although it can not be excluded that this is because growth at wild-type apices slows down due to the experimental procedure, while pin1 apices are not so sensitive.
Summarizing, the pin1 apex is not growing simply as if it was realizing the self-perpetuation component of growth exclusively. It is therefore not the`stem apex' but rather a shoot apex in which the second growth component (lateral organ initiation) is not completely realized.
Growth of Arabidopsis shoot apex in the reproductive phase of development It is widely accepted that, in the vegetative SAM, growth of the central zone is slower than that of the peripheral zone. An extreme interpretation of this view has been formulated as the`me Âriste Áme d'attente' hypothesis by Buvat (1955) . Differences in growth between the central and peripheral zones have been assessed indirectly by measuring the incorporation of a labelled DNA precursor into cell nuclei, for example, in Helianthus (Steeves et al., 1969) , or directly by quantifying surface expansion in Anagallis (Kwiatkowska and Dumais, 2003) . The growth pattern in the reproductive SAM is different in various species (Lyndon, 1998) , and the reproductive SAM is not always differentiated into a slow-growing central and a fast-growing peripheral zone. In the reproductive shoot apex of Arabidopsis, all the SAM surface is expanding but the slower expanding region can, nevertheless, be distinguished. The cytohistological zonation typical for the vegetative SAM is also generally preserved throughout reproductive SAM development (Vaughan, 1955; Miksche and Brown, 1965) . However, the slow-growing region on the Arabidopsis SAM surface moves with respect to cells and does not necessarily overlay the geometrically de®ned central zone. It may mean that it also does not always overlay the zone of so-called stem cells de®ned by CLAVATA3 expression (Brand et al., 2000) . This problem, however, requires separate investigation.
In the wild-type Arabidopsis SAM, the characteristic wedge-shaped regions can be distinguished in which growth is related to the age of adjacent¯ower primordia. No such distinct variation in areal strain rates and anisotropy along the apex circumference is characteristic for the pin1 apex, although here also growth is not uniform if one moves around the apex at the level of the peripheral zone. This difference between the pin1 and wild-type apices presumably results from the lack of putative auxin signal necessary for the`radial positioning' (Reinhardt et al., 2000; Kuhlemeier and Reinhardt, 2001 ), i.e. de®ninḡ ower initiation sites within the peripheral zone. Auxin application triggers organogenesis of¯ower primordia in the pin1 reproductive apex of Arabidopsis (Reinhardt et al., 2000) . The site of auxin application strictly de®nes the circumferential position of the primordium. Its vertical (apical±basal) position, however, is always at the same ®xed distance from the apex summit (Reinhardt et al., 2000) . This phenomenon may be related to the differentiation of the peripheral zone into distal and proximal portions of various growth anisotropy. The distal anisotropically growing portion of the peripheral zone may be not competent to initiate¯owers, unlike the proximal portion of the peripheral zone.
If the size of cells is uniform throughout the meristem, growth rates in volume (or area in the case of surface growth) are generally proportional to the Mitotic Index (MI) (Lyndon, 1998) . The non-uniform surface growth should thus be re¯ected in differences in the MI assessed for various portions of the apex surface. Therefore the growth data presented here are in agreement with the MI calculation for the ®rst tunica layer (L1) in the reproductive wild-type SAM of Arabidopsis (Laufs et al., 1998) . The MI of the SAM surface increases with the distance from the SAM centre, similar to the general tendency of distribution of areal strain rates. Based on the MI calculations Laufs et al. (1998) divided the SAM surface into a central area, where the MI was low, and the periphery. Alhough the exact size and position of the slowgrowing region, de®ned on the basis of strain rates, are most likely different from those for a central area de®ned by the MI method, in both methods these two zones are not easily discernible. Moreover, the data under comparison were obtained from two different ecotypes. Differentiation of the wild-type apex surface into wedge-shaped regions of various growth is in agreement with the observation that mitoses in the L1 cells are not evenly distributed around the SAM (Laufs et al., 1998) . In particular, the number of mitoses is increased where a new¯ower primordium will develop, just as the areal strain rate is increased at the site of¯ower primordium formation. Differentiation of the pin1 apex surface into central and peripheral zones based on areal growth rate distribution is also concurrent with the MI calculations (Vernoux et al., 2000) .
